Exhaust gas recirculation (EGR) is currently widely used in commercial diesel engines to provide an effective solution in reducing the levels of nitrogen oxide (NO X ) emissions. However, this currently comes at the expense of an exponential increase in particulate matter (PM) emissions resulting directly from the dilution effect (i.e. reduction in oxygen availability), as well as a further penalty arising from the recirculation of the exhaust emissions such as soot and hydrocarbons. In our earlier work it was observed that filtered EGR (FEGR) was able to play a significant role in controlling the soot recirculation penalty and thus improve the overall NO X /soot trade-off. In order to further our understanding of the effect of recirculated exhaust gases and in particular recirculated soot and hydrocarbon (HC), comparisons were made between standard EGR, FEGR and pure nitrogen (N 2 ), a direct cleaner replacement of the exhaust gas. When implementing FEGR, a diesel oxidation catalyst (DOC) and diesel particulate filter (DPF) were introduced into the exhaust to not only filter the soot particulates but reduce the recirculation of HC which can play a role in particulate surface growth. It was observed that the recirculated HC species and soot particles (especially at high load and EGR ratios) play a role in promoting the production and growth of further particles within the combustion chamber. Similarly, by comparing at the same O 2 intake concentration as that of FEGR and introducing N 2 as the EGR replacement gas, it was possible to correlate the increase in engineout mass of soot with EGR to the recirculation of soot particles, HC species as well as the presence of H 2 O and CO 2 .
Introduction
With ongoing improvements aimed at enhancing performance and reducing noise and emissions, the diesel engine has become an increasingly attractive option for passenger car applications. Over the past years, stringent emission legislations have been imposed to regulate emissions such as oxides of nitrogen (NO, NO 2 ) and particulate matter (PM) emitted from automotive diesel engines worldwide. The emissions from a diesel engine are composed of gaseous pollutants and PM. The main constituents which make up the gaseous phase are the hydrocarbon (HC), carbon monoxide (CO), NO X and sulphur dioxide (SO 2 ).
1,2 The particulates are a combination of soot and other liquid or solid phase materials that are collected once exhaust gases are passed through a filter medium at 52 uC (EPA) or 47 uC (EC) and is responsible for the black smoke associated with diesel powered vehicles. Soot (referred to as the insoluble dry fraction), mostly clusters of solid carbon particles are formed from the unburned fuel, nucleating from the vapour to solid phases in the fuel-rich regions during combustion. 3 Depending on the local conditions, the hydrocarbons may then condense on or be adsorbed by the soot forming soluble liquid or solid phase materials. The liquid HC (i.e. the heavier component of the HC emission) present in the PM are a combination of unburned diesel fuel and evaporated lubricating oil which appear as soluble (soluble organic fraction, SOF) or volatile organic compounds (volatile organic fractions, VOF) in the exhaust which tend to adsorb onto the dry carbon particles. 4, 5 Although, the diesel engine is an attractive solution for carbon dioxide (CO 2 ) reduction, there remains a challenge to control simultaneously NO X and PM emissions to a level required by prevailing regulations. 6, 7 Unfortunately, if the diesel combustion system is not well controlled, it can produce higher levels of PM and/or NO X . NO X emissions need to be controlled because of their contribution to the formation chemistry of low-level ozone, or smog, an environmental and human health hazard, while PM can have associated health issues. The control of NO X under lean conditions is much more difficult, especially as the fuel-efficient characteristics of diesel engines result in a much lower exhaust gas temperature. Currently the legislative NO X emissions of diesel vehicles have been met through engine control methods alone. However, with future legislation limits becoming more stringent, lean NO X control would be required. The control of PM emissions involves a combined strategy of engine modification (e.g. high pressure pumps, increased number of smaller injector nozzles and multiple injections) and the introduction of a diesel particulate filter to the exhaust system. 8 Although this has been successfully introduced, controlled filter regeneration methods are still being developed to maintain their long-term operation. As a result, further development and optimisation of the aftertreatment system is necessary to comply with future stringent emission legislation. Technologies such as EGR, soot traps and exhaust gas aftertreatment are essential to cater to the challenges posed by increasingly stringent environmental emission legislations. EGR has been a key strategy in controlling NO X formation, influencing the thermodynamic properties and the oxygen concentration of the cylinder charge whilst keeping minimum degradations in power and efficiency. Apart from the reduction in oxygen (O 2 ) availability, the effect of adding CO 2 , water vapour (H 2 O) and N 2 through the use of EGR reduces the flame temperature while increasing the overall heat capacity of the cylinder charge. 9, 10 In the work of Ladommatos et al.
and
Zhao et al., 12 it was concluded that the majority of the NO X reduction from CO 2 was primarily the result of the dilution effect (i.e. a reduction in oxygen mass fraction) with a minor contribution due to a chemical and thermal effect. tables Table 1 gives a general overview of the dilution, chemical and thermal effects of EGR. 13 Thermal throttling is also known to have a direct influence on the emissions of NO X and PM; however this has been effectively controlled through the implementation of cool EGR, reducing the inlet charge temperature and thus resulting in an increased volumetric efficiency. In addition, the work of Anderlohr et al. 14 shows the dissociation of H 2 O 2 and the production of the OH radical which is a well known oxidant of hydrocarbons. Our preliminary study demonstrated the potential of filtering the EGR loop with engine-out soot reductions reaching 50% when 20%Vol.EGR was implemented. 16 However, in a practical system the EGR take-off would be downstream the aftertreatment system (e.g. representing a low pressure loop system) which will be the focus of this particular study. This involves understanding the role of the soot penalty when particles are reintroduced to the combustion chamber through EGR and the effect this can have on the overall NO X /soot trade-off. It has been shown that as the level of EGR increases so does the number of particles per agglomerate. 17 In addition, the hydrocarbons present in the exhaust gas can also condense or adsorb onto the soot particulates when subjected to low temperatures, thus leading to heavier and larger soot particles re-entering the combustion chamber. These agglomerated soot particles are also very difficult to oxidise and require large amounts of energy to break down, especially those produced under higher engine loads where the transition between amorphous to graphitic structures occur. 18, 19 The main research objective is to develop further information on the soot and HC recirculation penalty when using EGR and how this can help to improve the NO x /PM trade-off. This study will endeavour to provide a further understanding of the impacts of this penalty by implementing FEGR into a full scale EGR system. This involves recirculation of exhaust gas into the combustion chamber downstream a combined DPF and DOC aftertreatment system. The main difference with respect to our earlier study is that the whole exhaust flow passes through the aftertreatment system rather than only the EGR loop being treated. Comparisons were made between standard EGR, FEGR (with and without DOC) and pure N 2 as a replacement gas, highlighting the potential benefits this can have on future systems. The second objective of this work is to see whether the implementation of FEGR can have any benefit towards passive DPF regeneration. This will also extend to understanding the influence of H 2 over the diesel oxidation catalyst for the improvement of the NO 2 /NO X ratio to further facilitate low temperature regeneration. It has previously been reported that H 2 has a positive effect on CO and hydrocarbon oxidation as well as NO 2 formation over diesel oxidation catalysts. However, there is still uncertainty whether this is due to the temperature rise caused by H 2 oxidation or if there is an influence in the reaction kinetics. Therefore, in this study the effect of varying the hydrogen concentration over a platinum loaded diesel oxidation catalyst will also be studied.
Experimental
The experimental apparatus is detailed and illustrated in Fig. 1 . The investigation was carried out using an experimental single cylinder direct injection diesel engine. The main engine specifications are given in Table 2 . In this work all tests were examined under steady state conditions, at a constant engine speed of 1500 rpm with an engine load of 5 bar Indicated Mean Effective Pressure (IMEP) reflecting y70% of full load. The DOC and DPF used during the FEGR tests were supplied by Johnson Matthey Plc. The DOC (Ø = 115 mm, L = 75 mm with a channel cell density of 600 cpsi) is coated with a platinum catalyst designed to promote the oxidation of hydrocarbons and carbon monoxide. The space velocity (SV) was 60 kh 21 based on the DOC volume and exhaust flow rate. The ceramic honeycomb DPF (Ø = 58 mm, L = 153 mm with a channel cell density of 300 cpsi) was positioned downstream the DOC and both secured into place using an intumescent mat. The main differences between EGR and FEGR are the levels of soot and HC species being reintroduced to the combustion chamber. The system allows for passive oxidation of the HC and CO whilst filtering soot. Filtration efficiencies are known to reach as high as 95-98%, therefore, by knowing the oxygen concentrations present in the combustion chamber during this process the soot recirculation effect can be isolated within FEGR. It is also important to note that during each individual test the filter was preloaded to ensure maximum performance and filtration efficiency. The EGR ratio of 0, 10, 20 and 30%Vol. were determined volumetrically as a percentage reduction in volume flow rate of air at a fixed engine operating point, with the results presented in terms of intake mass O 2 availability. However, during the addition of pure N 2 the DPF and DOC were removed and the EGR modified allowing the connection of a pure N 2 gas bottle. The amount of N 2 addition was determined based on the intake O 2 availability, ensuring this was consistent with that of the EGR tests. In order to obtain accurate and comparable results the exhaust back pressure was continuously monitored and adjusted by an electronic valve located in the main exhaust downstream the catalysts. This is especially important in the case of pure nitrogen where there is no aftertreatment present in the exhaust and as a result the exhaust back pressure would be substantially different.
The fuel used in this study was Ultra Low Sulphur Diesel (ULSD) provided by Shell Global Solutions UK. The fuel specifications and properties are listed in Table 3 . The data acquisition and combustion analysis were carried out using inhouse developed LabVIEW software. Output from the analysis of engine cycles includes the in-cylinder pressure, IMEP, percentage coefficient of variation (% COV) of IMEP and combustion characteristic information. The COV of IMEP was used as a criteria for combustion stability (cyclic variability) which remained consistent and well below the acceptable limit throughout this study. 20 In this study the emissions have been calculated on a specific basis using the indicated power. A Horiba MEXA 7100 DEGR gas analyser was used to take measurements of CO 2 and CO by Non-Dispersive Infrared (NDIR), O 2 by a magnetopneumatic method, NO X by chemiluminescence detection (CLD) and HC by flame ionisation detection (FID). A MultiGas 2030, FTIR spectrometry based analyser was also used for the measurement of multiple gas species including H 2 O. A Horiba Mexa 1230 PM was used to measure soot by a diffusion charging (DC) method and soluble organic material (SOM) by a dual flame ionisation detection (FID) method equipped with a 47 mm diameter Teflon (PTFE)-coated (PALLFLEX) glass fibre filter. Hot dilution was considered to prevent nuclei mode, with the dilution ratio of the soot diluter set to approximately 40. The soluble organic fraction (SOF) can be expressed in the following way:
The total particulate mass and number concentration measurements were carried out using a TSI Scanning Mobility Particle Sizer (SMPS). This is comprised of an electrostatic classifier series 3080, a 3081 Differential Mobility Analyser (DMA) and a model 3775 Condensation Particle Counter (CPC). The sample and sheath flow rates were set such that the measurement (diameter) range was nominally 12-437 nm, with the dilution ratio set to 200 : 1 using a rotating disc. A temperature controlled dilution process was carried out (150 uC) to minimise any HC condensation and nucleation which can occur during sampling.
Pure H 2 was mixed with the exhaust gas before passing it over the DOC at different hydrogen concentrations (1000, 2500 and 5000 ppm). Additionally, H 2 concentrations were measured by sampling the gas-stream through a Hewlett-Packard (HP) gas chromatograph (GC) equipped with a thermal conductivity detector (TCD). Higher TCD sensitivity to H 2 was achieved by using argon as the carrier-gas flowing through two separation columns. In order to determine the concentration of H 2 present in the gas sample, the equipment was first calibrated using a certified gas mixture composed of 30% H 2 balance N 2 . Several samples were taken and averaged before the final value of H 2 was used.
Results and discussion

The implementation of a DOC to a FEGR system
In our earlier work it was concluded that there was a soot recirculation penalty with EGR, and this could effectively be controlled by using a DPF in a FEGR configuration. 16 However, it is believed that there may be some additional penalties, for example, from the recirculation of HC species which may also participate in particulate growth and hence put a limit to the amount of EGR that can be introduced to a diesel engine before we reach smoke limited conditions. In order to further assess the FEGR technique, a system consisting of a DOC and DPF was implemented to not only filter the soot particles but also oxidise the gas phase HC species from re-entering the combustion chamber through EGR (Table 4) . Particular focus with the filtered system was placed on the exhaust gas back-pressure, ensuring this remained consistent between the FEGR and EGR conditions to allow for a direct comparison. The DOC is effective in controlling the CO and gaseous HC emissions from the exhaust stream, with the possibility of soot oxidation and deposition on the surface of the DOC. 21 Fig . 2 shows the direct influence of temperature on the oxidation ability of PM over the catalyst. It is important to note that during this particular test the engine mode (1500 rpm, 5 bar IMEP) was kept constant (i.e. keeping the gaseous hourly space velocity and exhaust composition over the DOC constant), while the catalyst inlet temperature was varied using an integrated furnace.
Although there is a reduction in soot, the level is consistent over the whole temperature range, thus increasing the catalyst temperature has no direct influence in the removal of the soot particles. This suggests the reduction in soot in our system and under these conditions was simply the result of deposition on the surface of the catalyst rather than reactions with solid particulates, which would require a catalyst support/substrate which exhibits some PM holding capacity or a longer residence time within the catalyst. It can also be observed in Fig. 2 there is a good correlation between the reduction in SOM and gas phase HC conversion (i.e. oxidation), which are both directly influenced by the inlet catalyst temperature. The reduction in SOM is suggested to be the result of the oxidation of the gas phase HC (which will eventually form SOM during the dilution process, rather than the oxidation of the adsorbed or condensed HC already present on the particles upstream the DOC. As the sample needs to be cooled and diluted according to the definition of PM, there will be condensation or adsorption of the vapour compounds (i.e. adsorption of HC onto the soot cores) resulting in the growth of the PM and shifting the particulate size distribution to larger particulate sizes (an increase in emitted particle mass). The higher the catalyst temperature, the greater the oxidation rate of gaseous HC until the catalyst reaches its optimum achievable performance, reducing the amount of HC that can be adsorbed onto the particulates. Klein et al. 22 also suggested that the reduction in SOM was likely to be a reduction in the gas phase HC rather than the oxidation of adsorbed HC. Thus, the DOC had no influence on the primary particulates (soot cores) as well as the aggregates of primary particles. Therefore, using a DOC it is difficult to oxidise the SOM already adsorbed or condensed onto the soot particles, however it is possible to control the recirculation of the gaseous HC which may form SOM during the cooler parts of the exhaust during FEGR. It is also suggested that the control of the gaseous HC emissions through the use of a DOC will also minimise the influence they can have on particulate growth and formation of new particles when reintroduced into the combustion chamber during EGR. To observe the benefit of controlling the soot and HC recirculation penalties, comparisons between unfiltered EGR, FEGR (with and without a DOC) and the addition of pure N 2 were made.
The effectiveness of combining a DOC and DPF for FEGR
To observe the effects of EGR and FEGR (with and without the presence of the DOC), comparisons were made to pure N 2 as a benchmark. The results of engine-out NO X and soot emissions have been collated and presented in Fig. 3 and 4 . The primary focus switches to the dilution effect and its impact on diesel particulate formation and NO X emissions. By directly isolating the dilution effect (i.e. comparing at the same O 2 intake concentration) which is the main effect according to Ladommatos et al., 11 it was be possible to distinguish a relationship with regards to the recirculation of the soot, gaseous HC and different CO 2 and H 2 O concentrations with an increasing EGR ratio. Results are given at 5 bar IMEP, mainly as the concentration of soot in the exhaust is large enough to show a soot recirculation penalty as observed in our earlier study.
The difference between introducing pure N 2 to unfiltered EGR (for the same mass of intake O 2 ) lies primarily on the chemical and thermal effects of CO 2 and H 2 O. However, additional effects such as the mass of soot present in the EGR loop and the presence of HC can also play a role in the thermal and chemical effects during combustion and should also be taken into account. Introducing N 2 provides an example of clean EGR with no recirculated soot and gaseous HC occurring from the earlier cycle and thus reducing particulate growth. However, if the dilution was the main effect of EGR, the emissions of soot and NO X for both unfiltered EGR and N 2 should be comparable for a given intake oxygen concentration. It was observed that the removal of these specific emissions (mainly HC, soot, CO 2 and H 2 O) during the addition of N 2 resulted in a substantial reduction in engine-out mass of soot, although there was an increase in engine-out NO X emissions. This effect is more visible as the EGR ratio is increased and shows the influence CO 2 , H 2 O and soot (which tends to play a role in absorbing heat, thus reducing the combustion temperature) have on the reduction of NO X .
Comparing N 2 to FEGR (without DOC) there was a small reduction in engine-out NO X emissions, which can be attributed to the presence of CO 2 and H 2 O within the EGR gas agreeing with Ladommatos et al. 11 and Anderlohr et al. 14 However, the NO X emissions of FEGR are higher than that of unfiltered EGR and can be directly linked to the absence of soot, which again suggests soot exhibits some radiative heat absorption capacity. With less heat being radiated away from the diffusion flame region as a result of lower soot particle concentration, it is believed that there will be a higher flame temperature which will result in further NO X formation. In Fig. 4 it can also be observed that there is an increase in engine-out soot emissions with respect to N 2 , resulting directly from the recirculation of HC even though the presence of H 2 O and CO 2 effectively could have an opposing influence. Comparing to unfiltered EGR, the removal of soot plays a substantial role in reducing the engine-out soot emissions, again indicating its potential towards particulate growth. The effectiveness of the FEGR system can be further improved with the addition of a DOC upstream the DPF. The DOC inlet temperature ranged between 330-340 uC, resulting in 99% oxidation of CO and 80% oxidation of gas phase HC emissions present in the exhaust (see Fig. 2b ). The oxidation of HC and CO to H 2 O and CO 2 (Table 4) gives a further benefit in terms of its thermal and chemical abilities towards NO X and soot control; with the removal of HC also limiting soot formation and surface growth. Radicals such as OH are also known to be effective for soot oxidation and it is suggested that CO 2 and H 2 O kinetically enhance soot oxidation in a similar way to hydrocarbon oxidation through third body reactions. As a conclusion and combining the works of Ladommatos et al. 11 and Anderlohr et al., 14 the thermal effect of CO 2 and H 2 O results in a reduction in NO X emissions and slight increase in net soot, while the kinetic effect results in a decrease in NO X and an enhancement in the rate of hydrocarbon and soot oxidation.
Overall it can be observed that the presence of H 2 O and CO 2 have a positive impact on the reduction of both engine-out NO X and soot emissions through the chemical and thermal effects as previously illustrated in Table 1 and mentioned in the introduction section of this paper. In terms of soot emissions, it is suggested that there is more than one benefit that can be gained from having species such as CO 2 and H 2 O present in the EGR gas stream. Firstly, the chemical effect of CO 2 and H 2 O through third body reactions, which increases the production of the OH radical (Anderlohr et al.
)
, enhances soot oxidation. Secondly, the increase in OH radicals also enhances hydrocarbon oxidation (Anderlohr et al.
, restricting soot formation and surface growth through the hydrocarbons recirculation penalty.
However, the greatest impact comes from the soot recirculation penalty significantly favouring particulate growth, which is also supported by the recirculation of HC emissions. It is suggested that these recirculated HC emissions condense onto the soot when the exhaust gas and the fresh inlet charge meet within the intake manifold, resulting in an increased surface mass. Therefore, in order to obtain the best possible NO X /soot tradeoff, soot recirculation must be controlled while promoting the View Article Online oxidation of CO and HC emissions to promote the presence of H 2 O and CO 2 .
Assessing the potential of FEGR towards DPF regeneration
The main benefit of FEGR (with DOC) is that there are fewer gaseous HC's and particles with which agglomerates can form and undergo surface growth during their time in the primary reaction zone and cooler parts of the combustion chamber and exhaust. This can be observed in Fig. 5 where the engine-out particle mass concentration during FEGR is reduced considerably for particles with diameters over 100 nm suggesting particle growth has been reduced in comparison to unfiltered EGR. However, it is important to note that there is no significant influence or increase in the nanoparticles (,50 nm) during FEGR, although when the EGR rate is increased the particulate mass concentration increases for every particle size diameter. The results of the particulate mass distributions have a good correlation with the results of the soot presented earlier, further showing the benefit of FEGR on the overall NO X /soot trade-off. Table 5 shows a similar analysis to that implemented in our earlier investigation. 16 Comparisons with N 2 and FEGR have Fig. 5 Particulate mass distribution.
been made based on the same intake O 2 availability. This again shows the mass per cycle of soot recirculated through EGR and the global effect of combustion on both the newly and recirculated soot particles. This includes the growth and reoxidation of the recirculated particles and the formation, growth and oxidation of the newly formed particles. However, the analysis now compares unfiltered EGR with N 2 as well as FEGR. As observed in our previous investigation, the effect of particulate growth through combustion (taking into consideration the re-oxidation of recirculated soot) on the engine-out mass per cycle of soot is greater than the mass per cycle of soot recirculated through EGR. Although a benefit can be gained from the obvious removal of the soot particles, it is also evident from Fig. 4 that the gas phase HC emissions also play an important role. The removal of both soot and HC emissions therefore cannot participate in further soot formation and growth in the combustion chamber. It is also known that the main difference between the addition of N 2 and FEGR is the presence of H 2 O and CO 2 , with some recirculated HC emissions. Therefore, if the entire HC emission could be oxidised upstream the EGR loop during FEGR, the benefit of this system would be greater.
Comparing between filtering the whole exhaust with respect to only filtering the EGR loop as previous reported in our earlier investigation, 16 there is a greater mass flow rate of exhaust being filtrated by the DPF. However, calculations have shown that this is partially outweighed by a lower engine-out soot concentration brought about from controlling the soot and HC recirculation penalties. By calculating the mass flow rates of soot (corresponding to 20%Vol.EGR), it was observed that there was approximately 50% less mass of soot present in the exhaust when the whole exhaust was filtered compared to our earlier investigation. It is important to note that this takes into consideration the greater exhaust gas flow being filtered through the DPF. Therefore, this shows that the resulting reduction in engine-out soot emissions through the control of the soot and HC recirculation penalty is far more beneficial compared to when only the EGR loop is filtered. Thus, the final result would be a lower rate of DPF soot loading and hence a reduced level of active regeneration intervals. It also seems that by controlling the HC recirculation we have gained a further benefit compared to our previous investigation which was focused primarily on soot emissions.
In addition to the engine-out soot reduction, there also seems to be an overall improvement in the NO X /soot ratio with FEGR compared to unfiltered EGR, which can be beneficial towards passive DPF regeneration. In Fig. 6 it is shown that the NO to NO 2 oxidation over the DOC is temperature dependant, with a limit is placed on the NO-NO 2 oxidation over the DOC at high temperatures. After this limit the NO 2 concentration reduces similar to the rate at which it increased. In previous studies it was suggested that the NO 2 /NO X ratio can be further improved through the addition of small quantities of H 2 , introduced with the engine exhaust gas before directed through to the DOC. 23 The results presented here show that the H 2 promotes the rate of NO-NO 2 oxidation by improving the catalyst light off performance, thus greater NO 2 can be obtained under lower exhaust Fig. 6 The influence of H 2 addition on NO 2 formation over the DOC.
gas temperatures. However, using a high H 2 concentration does not further enhance the NO-NO 2 oxidation suggesting that the oxidation of H 2 may be more predominant than the oxidation of NO. Therefore, the benefit of H 2 addition for NO 2 production is a combined effect of H 2 oxidation resulting in an increased local temperature, due to this being exothermic, and an increase of the reaction rates thus reducing the catalyst light-off temperature so further NO oxidation can occur at low exhaust gas temperatures. 21 However, this is dependent on the H 2 concentration, with smaller concentrations being more advantageous at higher catalyst inlet temperatures, while larger H 2 concentrations being more beneficial at lower catalyst inlet temperatures as shown in Fig. 6 . The results presented in this study have given an insight into how a cooled EGR system can be enhanced, allowing further control of the engine-out soot emissions with an improved NO X / soot trade-off. By implementing H 2 it is suggested that the overall NO 2 /soot ratio can also be promoted and along with a reduced rate of soot loading there will be a benefit for low temperature passive DPF regeneration.
Conclusion
As the initial study primarily focused on controlling the soot emissions, further work was carried out to also control the recirculation of organic and polyaromatic unburned hydrocarbons (PM precursors) back into the combustion chamber during EGR. This involved using a combined DPF and DOC system, paying significant attention to the exhaust back pressure. The results again showed the recirculated soot particles (especially at high load and high EGR ratios) playing an important role in promoting the growth of further particles within the combustion chamber. However, by isolating the dilution effect and introducing N 2 as the exhaust gas it was possible to correlate the increase in soot mass with EGR to the recirculation of these particles as well as the presence of unburned HC emissions, CO 2 and H 2 O. The findings from this report particularly highlight the possibility of extending the EGR tolerance at high engine loads giving the potential to further reduce NO X before reaching smoke limited conditions in order to meet future regulations that are likely to dominate future engine designs. The key advantages of this system is that FEGR can be implemented in current EGR systems to reduce engine-out soot emissions, thus reducing the DPF loading and regeneration intervals, or used as an approach to extend the current EGR limits for further NO X control. In both cases this technique will also result in an improved NO X / soot ratio which can help promote passive DPF regeneration.
